C urrent guidelines regulating storage of red blood cell (RBC) components are uniform for all donors, despite genetic and metabolic variation among donors known to affect hemoglobin (Hb) production and stability, RBC membrane function, iron absorption and metabolism, and hemolysis during storage. [1] [2] [3] [4] [5] [6] [7] Spontaneous storage hemolysis of RBCs, measured as the cell free Hb concentration at the end of component storage (with a cutoff < 1%), is one of the primary criteria, in addition to posttransfusion autologous radiolabeled RBC recovery and survival studies, for the US Food and Drug Administration (FDA) premarketing approvals to companies producing new blood bags, storage solutions, and so forth. Spontaneous endof-storage hemolysis and posttransfusion recovery and survival studies are also the basis for FDA-defined limits for the duration of allowed storage of RBC components after postproduction manipulations such as gamma irradiation and pathogen reduction. In other countries, notably the EU member states and Canada, the routine quality control (QC) process by the organization that produces the leukoreduced (LR)-RBCs includes the hemolysis level (with a cutoff of <0.8%) at outdate (performed generally on 1% of inventory).
In addition to spontaneous hemolysis, stored RBCs exhibit membrane damage, blebbing, and loss of deformability during storage. 3, [8] [9] [10] Hemolysis before or after transfusion of damaged or senescent RBCs has been shown to severely disrupt nitric oxide (NO) bioavailability at the endothelium via accelerated NO deoxygenation reactions with free plasma Hb. 3, 11 This process contributes to endothelial dysfunction, adhesion molecule expression, platelet (PLT) and hemostatic activation, and reactive oxygen species generation. In addition to immediate effects on vascular function and blood flow, hemolysis has been shown to exert downstream effects by activating PLTs and the hemostatic system and by heme-and non-transferrinbound iron-mediated modulation of the innate immune system that may contribute to infectious and noninfectious complications. 12, 13 Independent of transfusion, it has been shown that hemolysis is an important pathologic mechanism in many genetic diseases, including sickle cell disease, thalassemia, and paroxysmal nocturnal hemoglobinuria. [14] [15] [16] [17] It has been hypothesized that transfusion of RBCs with extended storage durations may be associated with an increased risk of cardiovascular events, multiorgan failure, and mortality in susceptible transfusion recipients, although this has not borne out in a series of randomized control trials. 10, [18] [19] [20] Studies of RBC recovery and survival after cold storage have demonstrated variability among donors that is reproducible over time in both human studies and murine models. 6, 17, [21] [22] [23] [24] 22, 23, 25 In an effort to further characterize donor differences in predisposition to storage-induced RBC hemolysis, the National Heart, Lung, and Blood Institute (NHLBI) Recipient Epidemiology Donor Evaluation Study (REDS)-III program launched the Red Blood Cell-Omics (RBC-Omics) study. 22 The RBC-Omics study is investigating the overarching hypothesis that genetic and metabolomic variation in donors underlies the variable propensity of RBCs to hemolyze in vitro during routine LR-RBC storage or in response to stressors of hemolysis. Specifically, the study was designed to characterize the rates and reproducibility of storage-induced RBC hemolysis propensity in large groups of US blood donors representing different racial/ethnic, sex, age, and previous donation frequency categories, to understand whether hemolytic propensity during storage is influenced by donor demographics and previous donation patterns and whether donor-specific hemolysis associations are reproducible over time and associated with genetic and metabolomics findings. We previously demonstrated that male sex, Asian or African racial background, and older age are significant modifiers of hemolysis during cold storage of RBCs. 22 In this current analysis of the RBC-Omics cohort, the intradonor reproducibility in hemolytic variables over time was studied, and the donor characteristics associated with changes in hemolytic variables during the course of 42-day course of LR-RBC unit storage were investigated. We report that osmotic and oxidative stressinduced hemolysis measured at the end of storage are reproducible within donors over time; however, there are sex, age, and racial-ethnic differences in hemolytic responses, including spontaneous storage hemolysis and changes in osmotic, mechanical, and oxidative stress-induced hemolysis in LRRBCs, throughout the period of routine storage.
MATERIALS AND METHODS
Human subjects research compliance RBC-Omics was conducted under regulations applicable to all human subject research supported by federal agencies as well as requirements for blood product manipulation specified and approved by the FDA. The data coordinating center (RTI International) of REDS-III was responsible for the overall compliance of human subjects regulatory protocols including institutional review board approval from each participating blood center, from the REDS-III Central Laboratory (Vitalant Research Institute), and from the data coordinating center. By consenting to the RBC-Omics study, subjects agreed to be recontacted by study personnel within the following year to donate a study-dedicated LR-RBC unit in a "recall" phase of the study. Subjects who met recall criteria and agreed to participate in the recall phase of the study signed a new consent form during the REDS-III RBC-Omics study return visit and agreed to make a whole blood donation from which the LR-RBC component would be used for research. Of the 13,403 enrolled donors, 12,753 had spontaneous hemolysis measures, 12,799 had osmotic hemolysis measures, and 10,476 had oxidative hemolysis measures (which were added 6 months after study accrual was launched) and consented to be recontacted. Criteria for selection of up to 800 donors for recall were based on the goals of recalling donors who had at least one hemolysis measurement that was at the low or high end of the frequency distribution for that variable, as well as selecting a racially diverse recall cohort. Specific criteria to fulfill these goals evolved over the course of the recall phase of the study. We first identified subjects above the 95th percentile or below the 5th percentile of spontaneous or oxidative hemolysis measures; we subsequently did the same for osmotic hemolysis. Because African American, Asian, and Hispanic donors were underrepresented in the upper tails of all three distributions, we selected all such donors from the upper distribution tails while randomly selecting subsets of other racial groups in the upper tails and randomly selecting all racial groups in the lower tails. Due to a lack of correlation among the three hemolysis measures, most subjects in the tails of one distribution were not in the tails of the others, thus providing a wide distribution of each hemolysis variable in the overall recalled cohort. Subjects were invited by mail and telephone to participate in the recall study.
Donor recruitment and data linkages

Blood collection and LR-RBC component processing
Component processing procedures employed during the recall phase of the study were equivalent to those in the initial enrollment phase as standardized operation procedures were used for this study. 22, 27 In both phases, whole blood units were collected and processed according to each blood center's standard operating procedures. An aliquot of whole blood derived from the donation was collected into a 10-mL EDTA retention tube for the determination of complete blood count and selected hematology variables using automatic cell counters. Each RBC component was filtered to generate a LR-RBC unit in AS-1 or -3 (AS-1 in one center or AS-3 in the other three centers). Three blood centers (BCP, BCW, and ARC) performed prestorage LR immediately after the LR-RBC component was manufactured. One blood center (ITxM) delayed LR until after negative donor screening results were received and until after the LR-RBC unit was transferred to the central transfusion service, which was generally 48 to 72 hours after collection. At all centers, a 10-to 15-mL aliquot from each LR-RBC unit was sterile docked into a customized "transfer bag" (Haemonetics), which had been manufactured specifically for this study using the same materials and volume-to-surface ratio as the parent LR-RBC storage bags. 27 In contrast to the initial phase during which the LR-RBC units (referred to as "parent" units) were released for distribution for transfusion to patients, the parent units and the transfer bags in the recall phase were sent to an RBC-Omics testing laboratory (University of Pittsburgh, Pittsburgh, PA; or Vitalant Research Institute, San Francisco, CA) for storage under routine blood bank conditions (1-6 C).
The methods to store LR-RBC samples and the assays used to measure the hemolytic propensity of RBCs were assessed to ensure the reproducibility of the study results. Study procedures were piloted and assessed to optimize consistency in assay results across laboratories and technicians and over time. 28 This included monthly proficiency assessments based on distribution of identical LR-RBC component derived samples in study transfer bags that were sent to the two testing laboratoriess and monitoring of study data in real time to ensure that results generated across the testing laboratories fell within expected ranges. This QC and quality assurance program was implemented to guarantee the validity of the results obtained by two testing laboratories evaluating the spontaneous and stress-induced hemolysis of RBCs during storage.
Evaluation of hemolytic propensity in stored RBCs
As was done in the initial enrollment phase, transfer bags from the recall study subjects were accessed at the end of the storage period (39-42 days postcollection) when the content of each transfer bag was transferred into a 15-mL conical tube, from which two aliquots (1 mL) were collected for the hemolytic assays. One aliquot was used for the quantification of spontaneous storage hemolysis and the other for the stress-induced hemolysis assays, as detailed in our previous publication. 22 Parent LR-RBC units acquired for research purposes from the recall donations were stored under blood bank storage conditions for 42 days and were accessed at three time points during storage period: 1) between 8 and 12 days, 2) between 18 and 23 days, and 3) between 39 and 42 days postcollection. At each time point, 15 mL of the LR-RBC component was removed for hemolysis testing. Repeated parent unit sampling was performed through one of the two sampling ports on Days 8 to 12 and 18 to 23, respectively, using a plasma transfer set (Baxter Item 4C2240), while sampling on Days 39 to 42 was performed through the LR-RBC unit main port. Hemolysis assays included spontaneous, oxidative, and osmotic stress-induced hemolysis assays (the latter done after cell washing) as previously described. 22 In addition, a mechanical fragility assay was performed on RBCs from the end of storage transfer bags and serial samples derived from the parent unit.
Mechanical fragility assay
Red blood cells were washed and suspended with PBS to a final hematocrit level of 3.5 AE 0.5%. Aliquots of 200 μL were transferred into a 96-well plate. Mechanical fragility was evaluated by adding one stainless-steel bead (3/32 00 , Small Parts, US) into each well and then shaking the plate for 3 hours using a titer plate shaker (ThermoFisher Scientific, US; instrument's speed set to 6.5). 29, 30 Control samples were rocked in the same manner without the presence of a stainless steel bead. After being shaken, each RBC sample was transferred into a V-shaped 96-well plate, which was centrifuged (1520 × g, 10 min, 20 C) and sample supernatants were collected for measuring the Hb concentration (μmol/L). The mechanical fragility index was calculated as:
Mechanical hemolysis ¼ Hb bead − Hb control Hb total × 100, where Hb bead corresponds to the concentration of free Hb (μmol/L) from RBC supernatants rocked with a bead, Hb control is the concentration of free Hb (μmol/L) from RBC supernatants rocked without a bead, and Hb total is the total amount of Hb (μmol/L) of each RBC sample.
Statistical analyses
Correlation between end-of-storage hemolysis results obtained on transfer bags versus parent bags A comparison of each of the four hemolytic assays (spontaneous, osmotic, oxidative, and mechanical) was performed on end of storage samples derived from the transfer bags and the parent bags. Pearson's correlation was used to compare the results.
Reproducibility of hemolysis variables over time
Evaluation of the reproducibility between screening and recall phases of the study for the spontaneous, osmotic, and oxidative hemolysis variables was performed by comparing end-of-storage transfer bag results from the initial enrollment (first time point) and recall phases (second time point) for each of the recalled donors. Correlation was evaluated by linear regression with screening and recall phases coded as variables and degree of agreement quantified with Pearson's correlation.
Analysis of hemolysis measures across time points
The kinetics of hemolysis measures on Days 10, 21, and 42 were analyzed using time (days) as a numerical variable in computer software (R Statistical Software for Windows, Version 3.3.1). Linear mixed models were used to estimate the mean change in hemolysis variables by duration of storage while accounting for the correlation across time points for individual subjects. Linear mixed models were fitted for each of the hemolytic variables, with time points as fixed effects and participants as random effects. The estimation of effect size on hemolysis changes per day was used to estimate average hemolysis increase per day. Expected difference between Day 10 and Day 42 was estimated by multiplying the beta estimates by number of days of storage. Percentage increase was calculated by dividing the estimated difference between Day 10 and Day 42 by the mean of Day 10 hemolysis. Generalized estimating equation models were fitted for each of the hemolytic variables and each of the explanatory covariates to assess the difference in hemolysis between male and female, among different race/ethnicity groups, and among blood donation centers, while accounting for the time course-dependent autocorrelation structure. Univariate generalized estimating equation models were fitted using an autoregressive model as the correlation structure to estimate the effect each of the explanatory variable has on hemolysis.
Differences in hemolysis over time due to sex, race/ ethnicity, and prior donation history Frequency plots for each of the hemolysis measurement were generated for each racial/ethnic and prior donation intensity category and across time using computer software (ggplot2 packages, Version 2.1.0, in R Statistical Software for Windows, Version 3.3.1).
RESULTS
RBC-Omics recalled donor recruitment and demographics
Between December 2013 and October 2015, a total of 13,770 blood donors consented to participate in the screening phase of the REDS-III RBC-Omics study and 13,403 were enrolled. 22, 27 Out of those, 12,753 donors provided sufficient samples and data for evaluation of spontaneous storage hemolysis, 12,799 were evaluated for osmotic hemolysis, and 10,476 were evaluated for oxidative hemolysis. 31 Of those who agreed to be recontacted, 664 selected donors were successfully recalled and consented, providing 652 LR-RBC components for evaluation (Fig. 1) . The demographics of recalled donors, including their sex, age, and race/ethnicity distributions, are compared to characteristics of screening phase donors in Table 1 . Donors from both sexes were well represented in the recall phase of the study (46.1% females and 53.9% males).
Reproducibility of hemolysis variables in RBCs stored in parent units versus transfer bags and in transfer bags across two time points
As seen in Fig. 2 , osmotic (r = 0.9754) and mechanical (r = 0.904) hemolysis variables in Day 39 to Day 42 samples from the parent LR-RBC components were highly correlated with results from Day 39 to Day 42 transfer bags. There was a moderate correlation for spontaneous (r = 0.6642) and oxidative (r = 0.7966) hemolysis, with a shift toward higher levels in transfer bags. We compared the amount of spontaneous and stressinduced oxidative and osmotic hemolysis obtained on RBCs from transfer bags accessed at 39 to 42 days of storage from the screening phase with that obtained from transfer bags from the recall phase for each donor enrolled in the recall study (Fig. 3) . Spontaneous hemolysis exhibited the lowest correlation (r = 0.4031) between screening and recall. A moderate correlation (r = 0.5332) was found for oxidative hemolysis and a strong correlation was found for osmotic hemolysis (r = 0.857). Compared to the screening population, the recall population was enriched for donors reproducibly exhibiting the lowest and highest oxidative and osmotic hemolysis percentage across screening and recall (Fig. S1 , available as supporting information in the online version of this paper).
Evolution of RBC hemolysis variables over time of storage and by donor characteristics
Spontaneous, oxidative, osmotic, and mechanical hemolysis were measured on RBCs sampled from the stored parent LR-RBC units on Post-collection Days 8 to 12, 18 to 23, and 39 to 42 (Fig. 4) . Analysis of longitudinal hemolysis in parent bags from Day 10 to Day 42 revealed significant increases over time for spontaneous (508.6%) and oxidative hemolysis (399.8%) and a small but significant increase for osmotic (9.4%) across all sites (p < 0.0001 for each of these variables). LR-RBC units collected and processed by ITxM demonstrated higher spontaneous hemolysis over time of storage compared to those collected by the ARC site (p < 0.0001; Table 2 ). Mechanical hemolysis increased over time at two of the three evaluable sites (ARC and ITxM, p < 0.0001) with similar rates of increase at these two sites (3.4% from Day 10 to Day 42 of storage). Table 2 shows multiple observations; oxidative hemolysis was significantly higher at BCW (p < 0.0001) and oxidative hemolysis was lower at BCP (p = 0.0010) compared to ARC. High-intensity donors exhibited the largest increase in spontaneous hemolysis compared to white donors (p = 0.0072) while Hispanic, Asian, and others exhibited lower spontaneous hemolysis compared to white donors (p = 0.0017, p = 0.0001, and p < 0.0001, respectively). African American donors exhibited higher spontaneous hemolysis than Asian donors (p = 0.0030), while Asian and African American donors exhibited the lowest osmotic stress-induced hemolysis compared to white donors (p < 0.0001). African American donors also exhibited the lowest mechanical stress-induced hemolysis (p < 0.0001), while high-intensity donors exhibited the highest mechanical stress-induced hemolysis (p = 0.0450) over time of storage, both compared to white donors. Males consistently exhibited higher hemolysis across all time points than females with highly significant differences for oxidative, osmotic, and mechanical hemolysis (p = 0.0008, p < 0.0001, and p < 0.0001, respectively). 
DISCUSSION
The RBC-Omics study is the first to characterize spontaneous and stress-induced hemolysis in a diverse population of US blood donors across multiple race/ethnicity and donation frequency groups and across multiple blood collection organizations. Donor enrollment, blood collections and RBC processing by four different hubs allowed for the representation of different LR-RBC component manufacturing and processing methods and detailed characterization of hemolysis phenotypes in diverse populations at four US locations.
In this recall phase of the RBC-Omics study, we characterized differences in spontaneous and stress-induced RBC hemolytic assay results in LR-RBC units and transfer bags from 652 recalled RBC-Omics donors. We demonstrated good correlations between transfer bags and corresponding parent units for stress-induced osmotic and oxidative hemolysis at the end of storage. Hemolysis results were generated from stored transfer bags from 652 recalled donors and results were compared to corresponding findings obtained from LR-RBCs stored in transfer bags prepared at the time of the enrollment visit months before the recall donation. 22 Results at end of storage in transfer bags were correlated to results at end of storage in parent LR-RBC units and demonstrated good correlations for stress-induced osmotic and oxidative hemolysis, with poor correlations for spontaneous hemolysis. Finally, kinetics of RBC hemolysis over time of storage (from Day 10 through Day 42 of storage) were measured by accessing LR-RBC units from the recall donors at three time points during storage. The observation that osmotic and oxidative hemolysis results were reproducible between the screening and recall phases suggests that osmotic and oxidative fragility are intrinsic to each person's RBCs (washed cells) in healthy subjects, and although environmental factors may contribute, this may have a genetic basis. 32 In contrast, spontaneous storage hemolysis results from the screening and recall phase showed a poor correlation. Interestingly, spontaneous hemolysis was highest in LR-RBC units prepared at ITxM, where processing methods were different including delayed leukoreduction after several days of storage. This finding suggested that spontaneous storage hemolysis may reflect differences in LR-RBC manufacturing and handling to a greater extent than stress hemolysis variables, although further analyses are warranted to determine if other nongenetic factors may influence spontaneous hemolysis during RBC storage such as environmental factors at the different geographic locations. The finding that spontaneous hemolysis increased in RBC units manufactured with delayed leukoreduction could be interpreted to indicate that it is important to perform leukoreduction as early as possible after RBC component production. However, before this firm conclusion can be drawn, it will be important to investigate any association of delayed leukoreduction to clinical outcomes in recipients using the REDS-III linked donor/recipient database. If a link is demonstrated, it may lead to changes in manufacturing methods. Additionally, the finding that storage hemolysis may be impacted by manufacturing methods suggested that while spontaneous hemolysis is used by some blood banks for QC purposes, it may not be reliably used as a measure of a hemolysis phenotype that would be determined by genetic traits. The finding that oxidative hemolysis was higher in RBCs prepared by BCW than in those prepared by ARC suggests that preparation methods may impact oxidative hemolysis; indeed, BCW uses AS-1 while all other sites are using AS-3 for the preparation of RBCs.
Differences in longitudinal storage hemolysis findings were associated with frequent prior blood donations, ethnic groups, and sex, which supports the hypothesis that genetic and biological variables among blood donors can modulate RBC hemolytic propensity during the course of unit storage. The associations derived from serial samples from stored LR-RBC components confirm and extend our previously reported findings based on end-of-storage LR-RBC samples from the screening phase of RBC-Omics. While spontaneous storage and oxidative hemolysis values changed during storage, osmotic and mechanical stress-induced hemolysis were more stable during storage and hence may reveal more intrinsic RBC properties. Subsequent studies should define whether intrinsic differences in RBC membrane stability could predict the recovery and survival of stored RBCs in the patient circulation. The REDS-III investigators are exploring the possibility that differences in in vitro hemolysis correlate with Hb increments in recipients of LR-RBC transfusions from RBC-Omics donors. 33 In considering this issue, our data indicate that osmotic hemolysis may represent the best in vitro hemolysis variable to study, since osmotic hemolysis was the most reproducible across screening and recall phases. Hence, this variable may be more a characteristic of a donor rather than particular to a donation from that donor. Further evidence supporting the heritability of the osmotic hemolysis phenotype is provided by preliminary evidence from the RBCOmics Genome Wide Association (GWA) study demonstrated that a larger number of genetic loci are associated with this phenotypic variation compared to spontaneous and oxidative hemolysis. 32, 34 Consequently, recipients of all donations from a donor for whom osmotic hemolysis was measured as part of the screening phase of this study can be imputed to have received a unit with a fixed osmotic hemolysis value, regardless of when it was donated during the 4 years (2013-2016) represented in the linked REDS-III donor-recipient database. Furthermore, since osmotic hemolysis was relatively stable over the course of storage of the recalled donors' units (estimated to increase by 9.4% from Day 10 to Day 42), an analysis of recipient outcomes relative to this donor variable may not be highly influenced by the duration of LR-RBC storage before transfusion. Taken together, these factors allow for evaluation of a larger number of recipient transfusions from RBC-Omics donors than otherwise possible if the analysis was restricted to the enrollment donation-derived LR-RBC components. Discovering polymorphisms associated with better storage and higher posttransfusion RBC recovery may lead to the development of new blood donor selection strategies to increase transfusion efficacy and reduce transfusion complications from hemolyzed or damaged RBCs in units subjected to extended storage. We are now completing analysis of metabolomics data from 600 samples from a subset 200 recalled donors described in this report to determine the biochemical correlates of our hemolysis findings and to correlate with genetic data from these donors. These analyses should yield valuable information as to the potential mechanistic basis for donor-specific differences in LR-RBC storage and functional properties.
